Introduction
Peptides incorporating structural features which make them exceptionally resistant to hydrolysis without abolishing their affinity for carrier-mediated transport are useful tools with which to study the mechanisms of peptide absorption. They accumulate intact within the intestinal wall in vitro, and this has made it possible to put forward evidence for active, Na +-dependent intestinal transport of two such peptides, glycylsarcosine (in which the N of the peptide bond is methylated) and 8-alanyl-L-histidine (carnosine) (Addison, Burston & Matthews, 1972 ; . The question of whether peptides of more than two amino acid residues are also suitable for carrier-mediated uptake by the small intestine is an important one which is not yet settled , though Adibi and his colleagues (Adibi, Morse, Masilamani & Amin, 1975) have recently produced strong indirect evidence for uptake of intact glycylglycylglycine by the jejunum in man.
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This paper reports an investigation of the characteristics of uptake by hamster jejunum in vitro of two poorly hydrolysed tripeptides, glycylsarcosylsarcosine (in which the N of both peptide bonds is methylated) and 8-alanylglycylglycine. It shows that there is good evidence for active uptake of intact glycylsarcosylsarcosine by a Na + -dependent mechanism and that B-alanylglycylglycine is taken up intact by a process which appears to be carrier-mediated and is probably Na +-dependent active transport. The tetrapeptide glycylsarcosylsarcosylsarcosine (in which all three peptide bonds are methylated) was also taken up intact, but uptake was very poor and did not appear to be the result of an active mechanism. Preliminary reports of the behaviour of glycylsarcosylsarcosine (Addison, Burston, Matthews, Payne & Wilkinson, 1974 ) and 8-alanylglycylglycine ) have already appeared.
Methods
Experimental procedure, analytical methods and calculation of results
The details of experimental procedure, analytical methods and calculation of results were as previously described . Briefly, single rings of everted hamster jejunum (initial wet weight 10-25 mg) were weighed and incubated for 20 min at 37°C under 0, with shaking in 1 ml of Krebs-Ringer phosphate saline (Cohen, 1957) containing half the standard concentration of calcium. After incubation they were rinsed in chilled Krebs-Ringer phosphate saline, blotted, reweighed and eluted at 100°C in a solution of sulphosalicylic acid. Sacs of everted jejunum were prepared and treated as previously described . Peptides and amino acids were estimated by ion-exchange chromatography on a Locarte automatic-loading amino acid analyser. Samples (0.2 or 0.5 ml) were applied to a Locarte 8.5% cross-linked resin column (23 cm x 0.8 cm)
at 45°C and eluted with the following sodium citrate buffers (0.2 mol/l) at a flow rate of 30 ml/h: buffer 1 , pH 3.18 for 80 min; buffer 2, pH 4.25 for 70 min. Values for uptake of peptides by intestinal tissue were corrected for peptide in the inulin space. For experiments in which N a + was replaced by K + , the N a + salts of the Krebs-Ringer phosphate saline were replaced by the corresponding K + salts; for those in which N a + was replaced by Tris, a modified saline was used in which the only N a + salt was NaCl (Rose & Schultz, 1971 ) and this was replaced by Tris chloride. Experiments on the effects of potential inhibitors of uptake were all carried out on a paired basis, each pair of rings, control and test, being taken from adjacent sites in the jejunum of the same animal. In most experiments, two pairs of rings were taken from each of three animals. The significance of differences between means was assessed by the paired t-test. Synthesis of Gly-Sar-Sar-Sar. This was prepared by treating Gly-Sar-Sar with t-butylazidoformate to give t-BOC.Gly-Sar-Sar. This was condensed with Sar-ethyl ester in the presence of dicyclohexylcarbodi-imide, and the resultant ethyl ester was Active absorption of tripeptides 307 saponified. The t-BOC residue was removed with HCl(1 mol/l) in acetic acid to give Gly-Sar-Sar-SarHCl,H20. The tetrapeptide was homogeneous by thin-layer chromatography in the solvent systems listed above, and also by ion-exchange chromatography.
Estimation of p l
p l values for Gly-Sar-Sar and 8-Ala-Gly-Gly were obtained as the mean of the pK, and pKb values determined by titration with HCI and NaOH.
Results
Results with Gly-Sar-Sar and Gly-Sar-Sar-Sar
In ail experiments in which incubations were carried out in Gly-Sar-Sar, intact Gly-Sar-Sar was taken up by the jejunal rings. Its appearance in the intestinal tissue was accompanied by a small increase in Gly and the appearance of small amounts of Sar (which was not detectable in untreated rings). Thus in a representative series of incubations (n = 6) in Gly-Sar-Sar (5 pmollml), uptake was as follows: Gly-Sar-Sar 7.2 k SEM 1.2 pmol 20 ming-' initial wet wt., Gly 2.0?0.41 pmol 20 min-I g-I initial wet wt. and Sar 0.39k0.06 pmol 20 min-' g-' initial wet wt. No Gly-Sar was detected, and Sar-Sar, if present, would not have been detected since the colour yield of this peptide with ninhydrin was found to be negligible. The question of the origin of the free Gly and Sar appearing in the rings during incubation with Gly-Sar-Sar is of some importance. It was found that low concentrations of Gly and Sar appeared in the incubation medium during incubation with Gly-Sar-Sar, so that the Gly and Sar appearing in the rings might be at least in part the result of uptake of these amino acids from the medium. After 20 rnin incubation in Gly-Sar-Sar (5 pmol/ml), the mean final concentration of Gly in the medium was 0.071 k0.002 pmol/ml and that of Sar 0.052 f 0.002 pmol/ml (n = 6). (The question of the origin of the Gly and Sar in the medium, which did not result entirely from hydrolysis of Gly-Sar-Sar, is dealt with below.) To test the hypothesis that the Gly and Sar appearing in the rings during incubation with the peptide had come from the medium, rings were incubated for 20 rnin in a mixture of Gly (0.07 pmol/ml) and Sar (0.05 pmol/ml). Uptake of Gly from this mixture was too low for satisfactory measurement (<0.1 pmol20 min-' g-' initial wet wt.), and that of Sar only 0.1 kO.02 pmol 20 min-' g-initial wet wt. (n = 6). It was concluded that only a small proportion of the Sar and very little of the Gly appearing in the rings could be the result of uptake of these amino acids from the bulk phase of the incubation medium, and that they were probably largely derived from intracellular hydrolysis of the peptide.
The relationship between 20 rnin uptake of Gly-Sar-Sar and the concentration of this peptide in the incubation medium is shown in Fig. 1 . The lower curve shows values for Gly-Sar-Sar found intact in the tissue, and the upper curve values for intact Gly-Sar-Sar plus free Gly appearing in the tissue. Since the Gly appears to be mainly the result of intracellular hydrolysis of Gly-Sar-Sar, the values for Gly-Sar-Sar plus Gly are probably a better index of total peptide uptake than those for intact Gly-Sar-Sar alone. The curves suggest that uptake of Gly-Sar-Sar is the result of a saturable process. A double-reciprocal plot of uptake of Gly-Sar-Sar plus Gly against concentration was linear, and indicated that uptake was half-saturated at a medium concentration of 17 pmol/ml. At all concentrations studied, the final concentration of intact Gly-SarSar in the intracellular fluid of the rings (Table 1) was greater than the final concentration of Gly-SarSar in the incubation medium (which was not measurably different from its initial concentration).
The effects of anoxia, metabolic inhibitors and N a + replacement on uptake of Gly-Sar-Sar plus Gly and on the final concentration of Gly-Sar-Sar in the intracellular fluid are shown in Table 2 . Incubations under N 2 were carried out for 5 min instead of the standard 20 min, since 20 min incubation under these conditions caused mucosal disintegration. Anoxia, cyanide, DNP and replacement of N a + by K + or by Tris all caused large reductions in uptake, whether estimated from Gly-Sar-Sar plus Gly or simply from tissue appearance of intact peptide.
Uptake of the tetrapeptide Gly-Sar-Sar-Sar was very poor, and it was not concentrated in the intracellular fluid of the rings. After 20 min incubation in Gly-Sar-Sar-Sar (5 pmol/ml), uptake was: Gly-Sar-Sar-Sar 0.60 f 0.06 pmol/g initial wet wt., and Gly 0.24k0.12 pmol/g initial wet wt. (n = 6). Sar was unmeasurably low. Neither replacement of medium N a + by K + nor DNP (0.5 pmol/ml) caused a significant alteration in uptake of Gly-SarSar-Sar.
It has already been pointed out that after incubation of jejunal rings in Gly-Sar-Sar, low concentrations of free Gly and free Sar were found in the incubation medium; after 20 min incubation in Gly-Sar-Sar (5 pmol/ml), the mean concentration of Gly was 0.071 kO.002 pmol/ml and that of Sar 0.052 + 0.002 pmol/ml. Only minor proportions of these free amino acids were the result of hydrolysis of Gly-Sar-Sar by the rings or in the incubation medium, for the solution of Gly-Sar-Sar (5 pmol/ml) contained initially 0.037 pmol/ml Sar as a contaminant, and though it contained no Gly, 0.043 Ifr0.005 pmol/ml (n = 6) Gly was present in the medium at the end of 20 min incubation with rings in the absence of peptide, having come from the intestinal tissue. Thus the increases in final medium concentration of Gly and Sar resulting from incubation in Gly-Sar-Sar were only 0.071 -0.043 = 0.028 pmol of Gly/ml and 0.052 -0.037 = 0.01 5 pmol of Sarlml. An estimate of the hydrolytic ability acquired by the incubation medium during incubation with the rings showed that this was too low for reliable measurement. Rings were incubated for 20 min in plain medium (0.9 ml), after which they were re- moved and 0.1 ml of medium containing 50 pmol of Gly-Sar-Sar was added, to give a medium concentration of 5 pmol/ml. Incubation was then continued for 20 min. At the end of this the mean concentration of Gly in the incubation medium was only 0.01 + 0.004 pmol/ml (n = 6) higher than that in a parallel blank experiment carried out without addition of Gly-Sar-Sar : this increment corresponded to the liberation of approximately 0.7 pmol of Gly 20 min-' g-' initial wet wt.
A small number of experiments were carried out with sacs of everted jejunum; the results are shown in Table 3 . After 60 min incubation in Gly-Sar-Sar (5 pmol/ml) the serosal fluid of sacs which initially contained no Gly-Sar-Sar showed a substantial concentration of the intact tripeptide, accompanied by a small increase in the concentration of free Gly (some Gly appeared in the serosal fluid in 'blank' experiments with no added peptide). After 60 min incubation in Gly-Sar-Sar (5 pmollml) the serosal fluid of sacs which initially contained Gly-Sar-Sar (5 pmol/ml) showed a small reduction in the concentration of Gly-Sar-Sar, accompanied by a small increase in the concentration of free Gly. The final serosal volume was greater than the initial volume, owing to fluid transfer into the serosal compartment, and the final amount of Gly-Sar-Sar in the serosal fluid was slightly greater than the initial amount in spite of the fall in its concentration. However, serosal transport of Gly-Sar-Sar was poor under these conditions, and, as has been seen, the peptide was not concentrated in the serosal fluid.
Like Gly-Sar-Sar, intact 8-Ala-Gly-Gly was taken up by the intestinal tissue on a substantial scale, though uptake was less extensive than that of the former peptide. Uptake of 8-Ala-Gly-Gly was not accompanied by appearance in the rings or in the incubation medium of detectable amounts of 8-Ala or Gly-GIy, nor by a measurable increase in Gly, and no additional chromatographic peak which might have been 8-Ala-Gly was detected, so that intestinal hydrolysis of this peptide appeared to be negligible. Unlike Gly-Sar-Sar, 8-Ala-Gly-Gly was not concentrated by the rings at any medium concentration studied. A large number of measurements of 20 min uptake were made at an initial medium concentration of 5 pmol/ml. Uptake of 8-Ala-GlyGly at this concentration was 2.5 k0.13 pmol 20 min-I g-' initial wet wt., and its final concentration in intracellular fluid was 3.7 k 0.56 pmol/ml (n = 60). This was lower than the final medium concentration, which was not measurably different from the initial concentration of 5 pmol/ml. Lengthening the incubation time to 60 min did not produce any significant increase in uptake. After 60 min incubation, the final concentration in intracellular fluid was 4.2 k0.77 pmol/ml (n = 6). The results of measurements of uptake over a range of medium concentrations from 0.2 to 20 pmol/ml are shown in Fig. 2 . Table 4 shows the effects of anoxia, DNP and N a + replacement on uptake of 8-Ala-Gly-Gly (5 pmol/ml); uptake was inhibited in all cases. The addition of glucose (1 1.1 pmollml) to the incubation medium had no effect on uptake of 8-Ala-Gly-Gly.
Raising the K + concentration of the Krebs-Ringer phosphate saline by 10 pmol/ml by addition of KCI was also without effect, though in the presence of both glucose and a raised K + concentration there was a slight inhibition of uptake.
Discussion
The results obtained with Gly-Sar-Sar strongly suggest that this tripeptide is taken up by jejunal tissue by an active, Na +-dependent mechanism.
Uptake is saturable, indicating a carrier-mediated mechanism, and is greatly reduced by anoxia, metabolic inhibitors and replacement of medium Na +. Moreover, Gly-Sar-Sar is apparently accumulated against an electrochemical gradient. The interior of the enterocytes, in which it is reasonable to assume that Gly-Sar-Sar accumulates, is electronegative with respect to the incubation medium (Schultz & Curran, 1970) , and Gly-Sar-Sar (pZ 5.6) carries a net negative charge at the pH of the medium (7.2) so that transport against an electrical as well as achemical gradient apparently takes place. The most complete proof of active transport that could be provided would include the demonstration that the peptide was concentrated in free solution (i.e. unbound), but the present evidence is sufficient to justify the conclusion that active uptake of Gly-Sar-Sar is highly probable. It has previously been observed with 8-Ala-His that the concentration at which 20 min uptake is half-saturated corresponds closely with the Kt value obtained under conditions of i n h x (J. M. Addison, D. M. Matthews & D. Burston, unpublished work) . If this holds good for Gly-Sar-Sar, then the halfsaturation concentration (17 pmol/ml) obtained in the present work suggests that Gly-Sar-Sar has a lower affinity for uptake than 8-Ala-His (Kt 9.4 pmol/ml) (Matthews et al., 1974) , but studies of influx will be required for an investigation of the kinetics of uptake of Gly-Sar-Sar.
The results of the experiments on entry of GlySar-Sar into the serosal compartment of sacs of everted jejunum are of some interest, since transmural transport of a tripeptide by small intestine in vitro has not been previously been described.
The observations made with 8-Ala-Gly-Gly are less readily interpreted than those with Gly-Sar-Sar. The uptake: concentration curve does not deviate sufficiently from linearity to provide convincing evidence of a saturable uptake mechanism though it might represent carrier-mediated transport by a mechanism with a low affinity for the substrate or a combination of carrier-mediated transport and simple diffusion. There are in fact reasons for thinking that carrier-mediated active transport of 8-Ala-Gly-Gly is not improbable. First, though 8-Ala-Gly-Gly is not concentrated in the intestinal wall as a whole, its uptake is large enough to make it quite possible that it is concentrated in the absorptive cells. If it is so concentrated, concentration will have taken place against an electrochemical gradient, pZ for 8-Ala-Gly-Gly being 6.4. Secondly, uptake of 8-Ala-Gly-Gly is inhibited by anoxia and DNP, although the results of such experiments cannot be regarded as conclusive evidence of active transport because of the possibility that inhibition of uptake is due to non-specific disorganization of the plasma membrane. Thirdly, uptake of 8-Ala-Gly-Gly appears to be Na+-dependent, and it is probable that all Na +-dependent transport mechanisms are capable of 'uphill' transport (Schultz & Curran, 1970) . Finally, the observations that uptake of 8-Ala-Gly-Gly is inhibited by other di-and tripeptides, including 8-Ala-His and Gly-Sar-Sar, but not by amino acids, and that a high concentration of 8-Ala-Gly-Gly causes inhibition of uptake of Gly-Sar-Sar Addison, Burston, Dalrymple, Matthews, Payne, Sleisenger & Wilkinson, 1975) suggests that 8-Ala-Gly-Gly shares an uptake mechanism with peptides which have provided good evidence of being actively transported.
Cheeseman & Smyth (1973) showed that Dglucose (28 pmol/ml) had no effect on uptake of D-Leu-Gly (5 pmol/ml) by rat small intestine in vitro, and the present work shows that D-glucose (11.1 pmol/ml) had no effect on uptake of P-AlaGly-Gly (5 ymollml). The reason for the slight inhibition of uptake of 8-Ala-Gly-Gly in the presence of D-glucose and a small increase in K + concentration, while the same increase in K + concentration alone has no significant effect, is not clear, though it provides another indication that uptake of this tripeptide is unlikely to be the result of simple diffusion.
There has for some years been uncertainty about whether peptides of more than two amino acid residues could be taken up by the intestinal mucosa (Peters, Donlon & Fottrell, 1972; . The present results suggest that the ability of the mucosa to take up peptides by active transport extends to tripeptides, but that if Gly-Sar-Sar-Sar is representative, not to tetrapeptides. To what extent tripeptides of 'normal' structure, derived from hydrolysis of dietary protein, escape brushborder hydrolysis and are transported into the absorptive cells is still an open question, though the results of Adibi et al. (1975) with Gly-Gly-Gly indicate that in man this tripeptide at least is taken up with negligible brush-border hydrolysis. The hypothesis that di-and tripeptides, but not higher peptides, enter the intestinal absorptive cells, is supported by a recent report (Kim, Kim & Sleisenger, 1974) that the peptide hydrolases of the cytosol fraction of rat small intestinal mucosa are readily capable of hydrolysis of di-and tri-peptides of the type resulting from partial hydrolysis of dietary protein, but not of hydrolysis of peptides of longer chain length than three amino acid residues.
